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ABSTRACT

EFFECTS OF DELAYED AUDITORY FEEDBACK ON THE
BEREITSCHAFTSPOTENTIAL

Jennifer Lynn Johnson
Department of Communication Disorders
Master of Science

This study examined the brain electrical activity of normal speakers in a nondelayed auditory feedback (DAF) condition and when experiencing DAF to determine
the effect DAF would have on the Bereitschaftspotential (BP). The BP reflects the
preparatory state of a person prior to motor execution of an act and can be observed 1500
to 500 ms prior to voluntary movement. The participants in the study included 10 adults
with normal speech. Each read a series of 30 sentences, both without DAF and with DAF,
while the BP was measured. Results indicate that the BP is present across the scalp in
both the control condition and the DAF condition; however, the BP is reduced in the
DAF condition. The scalp distribution maps indicate an increased negativity in the left
frontal lobe in the DAF condition. These findings suggest that while the brain is engaged
in processing current information that has already been initiated, the motor system may

not be able to be primed for the next sequential motor event. There is still a need for more
research to explore the motor control of speech and the ways altered feedback may
disrupt the speech motor control.
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Introduction
Man’s voluntary movements are the basis for his capacity to act on and interact
with his environment (Deecke et al., 1984). As such, human cortical motor control has
been of interest to researchers for many years. Kornhuber and Deecke (1964; 1965)
showed that there was a slow cortical negative potential immediately preceding
spontaneous voluntary movement. Movements that are performed volitionally, without
any external stimuli, result in a slowly increasing cortical negativity that is termed the
Bereitschaftspotential (BP) or the readiness potential. The BP reflects the preparatory
state of a person prior to motor execution of an act and can be observed immediately
before voluntary movement (Kowalski, Lang, & Laitio, 1996). Hence, the BP is a
manifestation of cortical contribution to the pre-motor planning of volitional movement.
Many different factors may influence the motor planning of speech and
subsequently the activation of the BP. One such factor is delayed auditory feedback
(DAF). Several studies have examined the manner in which DAF affects speech (Black,
1951; Borden, 1979; Lee, 1950, 1951; Stager & Ludlow, 1993; Timmons, 1983; Yates,
1963). For normal speakers, DAF creates many disruptive effects including speech errors
(e.g., repetition of phonemes, syllables, or words), phonemic exchanges, changes in
speech rate and duration, prolonged voicing, altered voice pitch and intensity, and
modifications in the aerodynamics of speech (Black, 1951; Chapin, Blumstein, Meissner,
& Boller, 1981; Fukawa, Yoshioka, Ozawa, & Yoshida, 1988; Howell, 1990; Lee, 1950,
1951; Mackay, 1968; Siegel, Schork, Pick, & Garber, 1982; Stager, Denman, & Ludlow,
1997; Stager & Ludlow, 1993; Stuart, Kalinowski, Rastatter, & Lynch, 2002). These
disruptive effects occur involuntarily. The purpose of this study is to show the patterns of
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the BP in normal speakers, and to determine how pre-speech cerebral potentials are
altered by the influence of DAF.
Review of Literature
Pre-Movement Potentials
Intentional movements result in slowly increasing cortical negativity (the BP)
which reflects a preparatory state anticipating motor execution. Depending on the
complexity of an action, the BP starts approximately 1–2 s before the onset of the
voluntary movement (Kowalski et al., 1996). The BP was found to have two phases: a
slowly rising phase lasting from about 1500 ms to 500 ms before movement onset, and a
later, more rapidly rising phase lasting from about 500 ms prior to movement onset to
approximately the time of movement onset (Lang, 2003).
The BP has been studied preceding movements of the fingers, toes (Boschert &
Deecke, 1986; Boschert, Hink, & Deecke, 1983), and eyes (Becker, Hoehne, Iwase, &
Kornhuber, 1972). Though not as extensively, the BP has also been studied preceding
speech movements (Deecke, Engel, Lang, & Kornhuber, 1986; Grözinger, Kornhuber, &
Kriebel, 1979). The BP develops about 1.5 s before movement, is distributed widely, and
is bilaterally symmetrical until about 500 ms prior to movement onset (Lang, 2003). The
BP becomes more sharply negative over the precentral gyrus (motor area) contralateral to
the movement a few milliseconds prior to movement onset (Wohlert, 1993). It is now
believed that the BP is an electrical indication of participation of the supplementary
motor area (SMA) prior to volitional movement, which initiates activity prior to the
primary motor area (Deecke, Kornhuber, Lang, & Schreiber, 1985; Grözinger et al.,
1979). Eccles (1982) suggested that the SMA initiates and regulates voluntary
movements contributing to the control of execution of established movements.
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Measurement of Movement Potentials
Cortical motor control for voluntary movements can be visualized in scalprecorded electroencephalography (EEG) averaged over a time period prior to a peripheral
action. Event related potentials (ERP) are brain electrical potentials extracted from
ongoing EEG by time-locking the event and the response. ERPs have provided useful
information in the study of speech processing in the brain for more than thirty years
(Grözinger, Kornhuber, Kriebel, & Murata, 1972; Kowalski et al., 1996; Morrell, 1973;
Wohlert & Larson, 1991).
The brain’s speech motor control system can be analyzed, to some extent, using
ERPs, which are observed as small voltage fluctuations of brain electrical activity
produced by the neurons and recorded from various locations across the scalp. ERPs are
measured with a time resolution of milliseconds and may provide a real-time, on-line
measure of speech and language processing as they are linked to the beginning of an
individual’s speech (Deecke et al., 1984; Deecke et al., 1986; Ertl & Schafer, 1967;
Grözinger, Kornhuber, & Kriebel, 1975). Canseco-Gonzalez (2000) have defined ERPs
as brain electrical activity time-locked to some external motor or cognitive event. In order
to produce and understand speech in real-time, the human brain must perform rapid,
demanding, and complex processes.
Factors Affecting the Bereitschaftspotential
Individuals vary greatly in their manifestation of the BP, (Wohlert, 1993)
although within participants the results are highly reproducible (Deecke, Grözinger, &
Kornhuber, 1976). Dick et al. (1987) found that practice does not seem to affect the BP. It
is important to note that the BP is shorter for impulsive or spontaneous movements than
for preplanned movements (Libet, Wright, & Gleason, 1982). Obeso, Rothwell, and
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Marsden (1981), in a study about the tics of people who have Gilles de la Tourette’s
syndrome, showed that tics were not preceded by a BP because they were physiologically
different from normal volitional movements. Therefore, the absence of BP would
support non-volitional motor activity. Further research has shown that, in a few cases,
premotor potentials may precede tics; however, this may be due to differences in
methodology during research (Karp, Porter, Toro, & Hallett, 1996).
Different motor disorders have also demonstrated changes in the BP. Colebatch
(2007) recently reviewed the literature available concerning the alterations in BP in
association with Parkinson’s Disease, SMA and cerebellar lesions, hemiparesis due to
stroke, dystonia, tics and chorea, and psychogenic disorders. He summarized that changes
in the BP due to these and other movement disorders may be indicative of their
underlying pathophysiology and give valuable insights into the initiation of voluntary
movements.
Pre-Movement Potentials for Speech Production
Although the connection between the BP and volitional movements of the distal
limbs (fingers and toes) has been well-established, studies of the BP and speech have
produced inconclusive findings. Some research has identified a left-lateralized cortical
slow potential shift preceding speech in normal participants (Grözinger et al., 1975;
McAdam & Whitacker, 1971). Other research has indicated that, while speech potentials
are cerebral in origin, there are no clear left or right asymmetries at any of the frontal,
temporal, or parietal sites (Ikeda et al., 1995; Morrell & Huntington, 1972).
While some lateralization in brain activity is seen prior to voluntary movements,
the BP preceding voluntary movement is greatest over the SMA for all movements,
including finger, toe, speech, and eye movements (Deecke et al., 1985). Therefore,
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although the pre-speech potentials may not be lateralized over the dominant hemisphere,
the BP preceding speech is still observable.
Bereischaftspotential Prior to Speech
Ertl and Schafer (1967) were some of the earliest researchers of speech BP. They
stated “it is reasonable to hypothesize the existence of non-random electrical activity in
the human nervous system prior to voluntary acts” (Ertl & Schafer, 1967, p. 473). They
observed reliable non-random changes in the electrical activity of the human brain prior
to speech designated as cortical “command potentials” occurring prior to intentional
movement. Even simple speech tasks require complex coordinated cognitive and motor
interactions (Wohlert & Larson, 1991); hence, the brain potentials preceding language
formation and speech utterance are more complex, long-lasting, and variable compared to
other voluntary motor movements, and are consequently more difficult to measure
(Kowalski et al., 1996).
Additionally, it is difficult to obtain reliable pre-speech cerebral potentials
because movement artifacts frequently contaminate records of cortical activity during
speech (Kowalski et al., 1996). Grözinger et al. (1975) noted that the most common
artifacts are due to facial muscles (particularly lip movements), eye movements, and
respiration. Thus, the brain potentials preceding speech are still controversial because of
the difficulty in differentiating between pre-speech cerebral potentials and possible
interfering myogenic artifacts. However, the control and possible elimination of artifacts
in the planning and performance of experiments helps reduce the influence of these
artifacts and permits the recording of cerebral potentials preceding speech (Grözinger et
al., 1975).
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The standard components in the speech BP have not been determined for
populations of normal speakers, despite much research in the field (Wohlert, 1993).
There are still concerns because of the great intra- and intersubject variability which
create difficulties in obtaining reliable measures (Brooker & Donald, 1980; Wohlert,
1993). Despite the limitations, when artifacts are accounted for, the BP is one of the few
procedures available for assessing cortical processes of speech motor control (Wohlert,
1993). This method is preferable since it is time-sensitive and relatively inexpensive to
record and analyze.
There is not a standard time epoch currently used in EEG studies of speech. Ertl
and Schafer (1967) found that the summated EEG waveform preceding onset of the
spoken word was comprised of a positive peak occurring at 70 to 170 ms and a negative
component occurring 10 to 50 ms prior to voluntary action. The epoch varies depending
on whether single words, phrases, sentences, or running speech are measured (Deecke et
al., 1986; Featherston, Gross, Münte, & Clahsen, 2000; Grözinger, Kornhuber, Kriebel,
Szirtes, & Westphal, 1980; Kowalski et al., 1996; Wohlert, 1993). Grözinger et al. (1975)
observed that in order to account for all myogenic artifacts, the ERP should be triggered
two seconds prior to phonation.
Delayed Auditory Feedback
Temporal asynchrony between speech production and its feedback to the auditory
system may cause disruption of fluent speech (Lee, 1950, 1951; Yates, 1963). This
phenomenon has come to be known as the DAF-effect. When a person is speaking under
the influence of DAF, he or she hears his or her own voice through bone conduction as
well as with a delay through air conduction via headphones. Consequently, the brain has
difficulty making one signal of the two auditory images, which results in cognitive
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conflicts (Matsukawa, Sugiyama, & Mano, 1995). The effect is that the speaker often
produces many speech errors, including repetitions of phonemes, syllables, or words;
altered speech rate and reading duration; prolonged voicing; and increased vocal intensity
(Black, 1951; Fukawa et al., 1988; Howell, 1990; Lee, 1950, 1951; Mackay, 1968; Siegel
et al., 1982; Stager et al., 1997; Stager & Ludlow, 1993).
Several investigators (Black, 1951; Cherry & Sayers, 1956; Van Riper, 1968;
Yates, 1963) originally suggested that these disruptions of normal speakers are analogous
to stuttering since the DAF-induced speech disruptions are similar to those observed in
stuttering. Essentially, DAF disrupts the normal speaker’s control of fluent speech by
altering his or her timing control, which, in turn, causes him or her to “artificially stutter.”
In recent years, however, it has been observed that DAF-induced disfluencies
differ from stuttering disfluencies (Venkatagiri, 1982). For example, while part-word
repetitions are the most common type of disfluency observed in people who stutter,
people who do not stutter exhibit more word and phrase repetitions. Venkatagiri (1982)
also observed that the DAF-effect causes more disfluencies on the final syllables of
words and at the ends of sentences for normal speakers, whereas people who stutter have
more disfluencies on initial syllables and at the beginnings of sentences.
Other noted consequences of the DAF-effect are increases in vocal intensity
(Atkinson, 1953), in fundamental frequency (Fairbanks, 1955), and in sentential duration
(Black, 1951). Thus, while DAF does cause disfluencies in normal speakers, those
disfluencies are not analogous to those of people who stutter. The differences have been
attributed to the fact that DAF-induced disfluencies are due to an externally imposed
interference in the speech production process (Stuart et al., 2002; Venkatagiri, 1982).
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Speech disruptions during DAF are largely due to temporal alterations in the auditory
feedback signal which impact the speech motor control system differently for people who
stutter and those who do not stutter (Stuart et al., 2002).
Length of delay. Individuals are capable of producing fluent or nearly fluent
speech with short auditory feedback delays (less than or equal to 50 ms) that are
equivalent to speech produced with no delay (Stuart et al., 2002). The delay interval for
maximal speech disruptions has been shown to vary with age and gender. The delay
effects are greater for children than for adults (Mackay, 1968). For adults, males exhibit
greater disfluencies at a delay between 170 and 220 ms, whereas females display more
disfluencies when the delay is between 230 and 290 ms (Mahaffey & Stromsta, 1965;
Timmons, 1983). For adults, most studies use a delay of 200 ms instead of finding
individual levels of maximal disfluencies for each participant (Fairbanks, 1955;
Fairbanks & Guttman, 1958; Howell, 1984; Mackay, 1968; Zanini, Clarici, Fabbro, &
Bava, 1999).
Acoustic parameters of delay. Besides the amount of delay, the disruptive effect
caused by DAF is also easily associated with the intensity of the auditory feedback. The
acoustic gain of the DAF apparatus should be set at least at “25 dB SPL [sic]”
(Venkatagiri, 1980, p. 89). Delayed signals that are more intense are more disruptive to
the speaker because the DAF-effect is dependent upon the bone conduction signal being
masked by the delayed air conduction signal, especially if the speaker is highly
susceptible to DAF. Thus, the signal should be at least loud enough that it is difficult for
the speaker to ignore (Howell, 1984, 1990). Also, the feedback is typically presented
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binaurally since more speakers make errors when the auditory input is returned binaurally
(Fairbanks, 1955; Lee, 1950; Zanini et al., 1999).
Susceptibility to delayed auditory feedback. It is important to note that all
speakers differ in their reaction to DAF. Some speakers are highly susceptible to the
effects of DAF and may display any number of responses (e.g., increased number of
speech disfluencies, longer duration, increased speech intensity, and elevated voice
fundamental frequency); others are much less affected by the DAF (Beaumont & Foss,
1957; Burke, 1975; Fairbanks, 1955; Fukawa et al., 1988). Even among those who are
highly susceptible, the demonstration of DAF-effect differs. Some merely reduce the
speed of their speech, others prolong syllables or repeat phonemes, while others cease
speaking entirely. The speaker could exhibit any combination of these reactions
(Beaumont & Foss, 1957).
There are many possible explanations for the difference in susceptibility.
Bachrach (1964) and Fukawa (1988) observed that while people who stutter are more
susceptible to DAF than those who do not stutter, among those who do not stutter, males
are more susceptible to DAF than are females. In addition, males and females are
susceptible at different time intervals. Males are most susceptible when the delay is
between 170 and 210 ms; females are most susceptible when the delay is between 230
and 290 ms (Fairbanks & Guttman, 1958; Mahaffey & Stromsta, 1965; Timmons, 1983).
Regarding the differences in susceptibility, Burke (1975) has suggested that those
speakers who are less affected by the DAF may be better able to ignore the auditory
feedback. Also, they may have differences in their neurophysiological control or auditory
perception that influence individual speaker’s reactions to the delay.
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The best method of producing hesitations during DAF is to present the delayed
feedback binaurally at an intensity level such that the speech signal returning to the
speaker’s ears effectively masks his or her own voice. The initial delay time for males is
170 ms and 230 ms for females. While the speaker is reading or speaking aloud, the delay
time should be increased in 10 ms increments, until the point of maximal disruption is
reached. This is the level at which the speaker has the most disfluent speech and will not
have more disfluencies at a higher time delay (Beaumont & Foss, 1957; Burke, 1975;
Fairbanks, 1955; Fairbanks & Guttman, 1958; Howell, 1984, 1990; Mahaffey &
Stromsta, 1965).
The Present Study
Lee (1950) initially described the DAF-effect as being involuntary and “induced
with little or no regard to previous conditioning or the subject’s will to oppose the
influence of the delayed playback” (Lee, 1950, p. 639). Because the DAF-effect is
involuntary, the present study was undertaken to determine its effect on the BP and
consequently on voluntary movement. While many studies have independently explored
the effects of DAF in typical speakers and the BP for speech, to date there are no studies
that combine the two areas. The purpose of this study was to examine the brain activity of
typical speakers in a control condition and when experiencing the DAF-effect in order to
determine whether or not DAF causes a shift in the BP.
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Method
Participants
Ten (5 males, 5 females) native English speaking young adults participated in this
study, ranging in age from 21 to 29 years. All participants spoke English as their primary
language although some were bilingually fluent. The participants were recruited from the
local community through the use of flyers and word of mouth. Participants were given
gift certificates for pizza at a local restaurant for their participation.
Each participant reported a negative history of neuropsychiatric disorders, and
showed no signs of a language delay or disorder. Each participant received a passing
score on the Stuttering Severity Index-III (Lewis, 1995; Riley, 1972), demonstrating
typical speech fluency. Each participant demonstrated normal hearing with pure-tone
thresholds of ≤ 15 dB HL at 250, 500, 1000, 2000, 4000, and 8000 Hz bilaterally under
earphones (ANSI, 2004). Participants also had normal tympanometric measures with
tympanometric width between 51 and 114 daPa (Margolis & Heller, 1987) and acoustic
static admittance between 0.3–1.7 mmhos (Margolis & Goycoolea, 1993). All the
participants had normal or corrected-to-normal vision. Furthermore, participants had to
exhibit articulatory errors or hesitations for 20% of words, noticeably increased pitch, and
noticeably slowed rate of speech for DAF at a 200 ms delay (Fairbanks, 1955).
This study was approved by the Institutional Review Board for Human Subjects at
Brigham Young University and all participants signed a consent form prior to
participation (see Appendix A).
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Instrumentation
Hearing screenings were performed using a Grason-Stadler model GSI-10
audiometer. A Grason-Stadler model GSI-33 impedance meter was used to perform
tympanograms.
An electrode cap (Electrocap International or NeuroScan Laboratories) was used
to place silver-silver chloride electrodes over the scalp at 32 electrode positions according
to the 10-20 International System (Klem, Lüders, Jasper, & Elger, 1999). A common
average reference was utilized throughout the recordings. The electrode abbreviations
contain a letter that refers to an anatomical area of the brain (i.e., F, frontal lobe;
T, temporal lobe; P, parietal lobe; C, central region; and O, occipital lobe), as well as a
number or another letter to specify the hemispheric location. The letter “z” refers to a
placement along mid-line, while even numbers refer to the right hemisphere and odd
numbers to the left hemisphere.
Electrode impedances were at or below 3000 ohms. Vertical and horizontal eye
movements were monitored by electrodes placed on the outer cantha of one eye and
above the supra-orbital foramen of the opposite eye. During post-hoc averaging, trials
contaminated by eye movement artifact were rejected. Two electromyogenic (EMG)
surface electrodes were placed over and under the orbicularis oris muscle in order to
trigger the onset of the signal averaging and removal of muscle artifacts. In addition, each
epoch was visually inspected for excess contaminants and, if these were present, the
token was excluded from the averaged waveform.
A NeuroScan computer using Scan 4.2.3 software was used to collect and analyze
the event-related potentials. The raw electrical potentials were filtered between DC and
300 Hz. A 4000 ms sample was obtained using a 1000 ms pre-trigger analysis and a
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3000 ms post-trigger analysis. An interstimulus interval of seven seconds occurred
between each visual presentation of the stimulus sentences. The stimuli were presented
visually on a Dell UltraSharp monitor in conjunction with a Dell Pentium 4 personal
computer. The stimuli were presented using NeuroScan Stim-2 software on a 15 in.
monitor at a distance of 75 cm.
A Kay Elemetrics Facilitator Model 3500 was used to produce the delayed
auditory feedback. A Kay Elemetrics lapel-style microphone was used to capture the
participant’s voice. Since no acoustical measures were obtained from the voice recording,
it is not necessary to consider standardization and calibration of the microphone. The
output from the Facilitator went to the Sennheiser HD-56 earphones of the participant.
The intensity of the participant’s voice was self-adjusted to a comfortable level. Each
participant read a sample paragraph (see Appendix C), and the intensity of the feedback
was adjusted until clear and consistent hesitation patterns were noted.
Test Conditions
Each participant was seated comfortably in a reclining chair in a sound-treated
test room. To minimize eye movements, the eyes were fixated on a dot displayed in front
of the participant. The participants were instructed to keep their lips slightly closed and
their tongue resting on the floor of the mouth in a “neutral” position prior to each trial.
Stimuli
Participants read aloud 60 high-probability sentences taken from the Revised
Speech in Noise Test (Cox, 2001). The sentences were selected randomly and are
included in Appendix B.
Participants’ speech was measured in the control (non-DAF) condition and the
DAF condition. For males, the delay was set between 170 and 220 ms; for females, the
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delay was set between 230 and 290 ms (Fairbanks & Guttman, 1958; Mahaffey &
Stromsta, 1965; Timmons, 1983). The delay was set for each participant where maximal
disruption occurred and further delay did not increase the amount of disruption.
Fifty averages were taken per sample. The tester used a button-press upon initial
vocalization to mark the start time for EEG recording for averaging purposes. The buttonpress indicated approximate time when speech began so as to focus the epoch for
averaging. Trials were then time-averaged post-hoc with onset of motor activity as
recorded by the EMG surface electrodes. Twenty artifact-free trails (lip and eye artifacts)
were used to construct the average BP.
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Results
ERP Waveforms
Data analysis was completed using ERP recordings from all ten participants. The
distribution for the BP was computed using the Scan 4.2.3 Software from NeuroScan
Laboratories. An epoch of 4000 ms was sampled beginning 1000 ms prior to the stimulus
presentation and ending 3000 ms after the stimulus presentation. The recordings from
each participant were averaged separately resulting in composite scalp distribution maps
for each condition. In addition, a t-score map was computed between the control and
DAF conditions.
Figure 1 shows an overlay of the grand averaged waveforms for the control and
the DAF conditions. The morphology of the grand average waves are similar between
conditions except for electrodes located at FC3, FC4, FT8, Cz, CP3, CP4, O1, and Oz.
Recordings at those electrode locations showed a decrease in amplitude for the DAF
condition (red waveforms) over the premotor cortex, the motor cortex near the vertex, the
right parietal region, the left parietal region (adjacent to Wernicke’s area), and the
occipital region.
Scalp Distribution
Time analysis maps. The scalp distribution for the control condition (Figure 2)
shows positive potentials beginning at about 1000 ms in the vertex region with a steadily
increasing positivity in the fronto-temporal and temporo-parietal regions peaking at about
2355 ms. The activity begins to subside at approximately 2515 ms. There is an increased
negativity in the left fronto-temporal region with an even greater negativity in the
posterior temporal region peaking at approximately 1716 ms and remaining steady
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Figure 1.
Grand average overlay of waveforms for the control condition (green) and the DAF
condition (red). The shaded areas represent premotor cortex (FC3, FCz, etc.), motor
cortex (C3, Cz, C4, etc), Broca’s area (FT7, T3, etc.) and Wernicke’ area (TP7, T5, etc.).
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Figure 2.
Grand average scalp distribution for the control condition. The outlined areas represent
the pre-motor cortex (above the dotted line) and the motor cortex (below the dotted line).
The upper left area represents Broca’s area and the lower area represents Wernicke’s
area.
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throughout the epoch. In the DAF condition (Figure 3), the scalp distribution shows the
presence of a negativity in the left fronto-temporal lobe. The activity increases and
spreads to peak at approximately 2036 ms and starts to decrease at about 2515 ms.
t-score map. A t-score of ±1.83 is significant at the 0.05 level (Figure 4). A
significant difference cannot be seen between the control and DAF conditions in activity
prior to about -840 ms. Beginning about -840 ms and continuing to about -200 ms,
significant differences between the two conditions were seen over the right parietal and
right temporal cortices. Beginning approximately -840 to -200 ms, differences between
the two conditions can be observed over the left fronto-temporal region and the posterior
central region as well. Between -200 to -40 ms, the differences seen over the right
parietal region diminish. Other differences are seen through about 278 ms with activity
over the left temporal and right fronto-temporal regions showing significant differences
until about 1556 ms.
Potentials observable from -42 to 118 ms indicate where vocalization begins.
Differences between the two conditions seen during the vocalization period are in the left
mid-temporal region (Broca’s area), left posterior-temporal/anterior-occipital region
(adjacent to and including Wernicke’s area), right mid-temporal region, and right midtemporal-to-posterior temporal regions (auditory cortex) spreading to the posterior central
region of the scalp. The differences continue to be observable until about -438 ms where,
again, activity decreases to show significant differences between the two conditions in
the bilateral frontal regions and the bilateral posterior temporal regions through about 156
ms. This spread of activity clearly shows differences in neural activity accompanying
DAF.
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Figure 3.
Grand average scalp distribution for the DAF condition. The outlined areas represent the
pre-motor cortex (above the dotted line) and the motor cortex (below the dotted line). The
upper left area represents Broca’s area and the lower area represents Wernicke’s area.
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Figure 4.
t-score map showing the differences between the control condition and the DAF
condition (a positive t-score represents the control condition, and a negative t-score
represents the DAF condition). The outlined areas represent the pre-motor cortex (above
the dotted line) and the motor cortex (below the dotted line). The upper left area
represents Broca’s area and the lower area represents Wernicke’s area.
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Discussion
This study examined the brain electrical activity of typical speakers in a control
condition and when subjected to DAF. The results illustrate the way DAF influences
speech motor control, as evidenced by the BP. The BP was analyzed in each condition,
and results were compared to determine the difference between conditions.
Waveform Differences
The results of this study are consistent with reports indicating motor activity
preceding speech (Deecke et al., 1986; Ertl & Schafer, 1967; Grözinger et al., 1979;
Grözinger et al., 1980; Ikeda et al., 1995; Kornhuber & Deecke, 1964, 1965; Kowalski et
al., 1996; Lang, 2003; Morrell, 1973; Morrell & Huntington, 1972; Wohlert, 1993). In
Figure 1, this is observable at electrodes FC3, FC4, FT7, FT8, and Cz. Activity was also
noted at electrodes CP3 and CP4, which suggest involvement of Wernicke’s area and the
auditory cortex. Results are consistent with Wohlert (1993) who found that in typical
speakers, the BP became more sharply negative over the speech motor area as is notable
at FT7, FT8, and Cz.
Results from this study show a general reduction in each waveform in the DAF
condition. Looking at the overlay of the grand average waveforms (Figure 1), the
electrodes displaying different morphological features (FC4, FT8, CZ, CP3, CP4, O1,
and OZ ) are primarily over the SMA, the right hemisphere (primary auditory cortex),
and the occipital lobe. There is clearly a difference in the way the brain processes typical
speech and speech under the DAF condition. At these sites (FC4, FT8, CZ, CP3, CP4,
O1, and OZ ), the activity in the DAF condition is reduced when compared to that of the
control condition.
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The differences in the waveform morphology of the CP3, CZ, and CP4 recordings
implicate SMA involvement and consequently support the theory that the BP reflects the
central motor preparatory process of typical speakers (Deecke et al., 1985; Kornhuber &
Deecke, 1965; Shibasaki, Barrett, Halliday, & Halliday, 1980; Yazawa et al., 2000). In
the DAF condition, the amplitude was not as large as that of the control condition.
Perhaps this may suggest that, in trying to interpret the distorted feedback signal, the
brain has difficulty in planning a clear new motor program. The external demands
brought upon by DAF interfere with the internal demands of carrying out the already
initiated intended movement.
Scalp Distribution Differences
The findings from this study for the control condition are consistent with reports
by Ikeda et al. (1995) and Grözinger et al. (1979), in which cerebral potentials preceding
speech are seen primarily in the vertex region (see Figure 2). The control condition
findings, however, are not consistent with those of Kornhuber and Deecke (1965) and
Deecke et al. (1986), wherein the BP was observed predominantly over the left
hemisphere. The current findings indicate that there is a broader presence of the BP than
has been reported by these researchers. This may be due to a difference in electrode
distribution. Deecke et al. utilized single electrodes discretely placed over the left
hemisphere (1986) whereas the present study utilized 32 electrodes distributed across the
entire scalp.
DAF Condition
In the DAF condition, there was an overall reduction in activity (see Figure 3).
This reduction is most notable over the vertex when compared to the control condition.
As seen in the control condition, a negativity is observed over the left hemisphere,
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however, in the DAF condition the negativity appears to increase in the left central
frontal regions, which was not seen in the control group. The frontal regions are
responsible for executive function which includes initiation of skilled motor movements
and decision making. Therefore, activity in this area may suggest that the speaker is
making decisions about the speech he or she is producing and the incongruous speech
signal returning to the speaker’s ears. The generally-reduced BP may also suggest that the
speech production system is not prepared to produce the next utterance, meaning that as
the DAF-effect is pervasive, the carry-over from the previous utterance will affect the BP
of the next. The brain is engaged in processing current information that has already been
initiated, and therefore the motor system has not been primed for the next sequential
motor event.
There were some significant differences observed over the occipital region of the
scalp. Activity seen over this region is consistent with activation of the visual cortex and
most likely is in response to the participants reading the sentences (Fiez & Petersen,
1998).
Limitations of the Study
Most studies in the area of BP have only determined the BP during single words
that are self-generated by the participant. Some studies have used single words read by
participants. Only Grözinger et al. (1980) had participants verbalizing complete sentences
self-generated by the participant. There is not clear documentation of the differences in
BP when different stimuli are used (i.e., single words compared to sentences). Thus,
while the present study had participants reading sentences, it is unclear what difference
reading versus self-generated verbalization has on the BP.
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Directions for Future Research
The findings of the present study indicate a need for further research in
understanding how speech disruptions due to DAF impact the speech-motor control for
individuals who stutter compared to individuals who do not stutter (Stuart et al., 2002).
Although the types of speech disruption are different, the mechanism by which the brain
compensates for the altered auditory feedback may be similar.
The individual scalp distribution for the DAF condition for each participant varied
depending on how susceptible he or she was to DAF. Greater areas of activity were noted
in participants who were highly susceptible to DAF, whereas participants who were not
as susceptible to DAF showed lesser areas of activity. Further research in the area of
DAF susceptibility by investigating those who are more susceptible to DAF as compared
to those who are less susceptible to DAF is warranted.
It is difficult to know what exactly the BP represents; if it indicates muscle
readiness, planning, or initiation of voluntary movement. The specific mechanisms of the
BP have yet to be specified. Also, while some studies have investigated the BP in various
movement disorders (Colebatch, 2007), there is need for research within specific
populations known for difficulty with motor initiation as seen in Parkinson’s disease or
aquired apraxia of speech.
No research has been done on the BP of people who stutter. Obeso et al. (1981)
observed that for patients with Gilles de la Tourette’s syndrome, their simple tics were
physiologically distinct from typical self-paced volitional movements mimicking tics.
Other studies have been done to observe the BP for various movement disorders
(Colebatch, 2007). It would be interesting to investigate if a similar pattern would be
found in people who stutter. There is still a need for more research to explore the motor
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control of speech and the different ways altered feedback may disrupt speech motor
control.
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Appendix A
Informed Consent
Name of Participant: _____________________________ Date of Birth: _____________
Purpose of Study
This study is designed to research brain activity prior to speech when anticipating
disruption. Participation will help scientists understand speech motor control in the brain.
Procedures
You have been asked to participate in this study being conducted by Dr. David L.
McPherson and selected assistants. Your participation is requested because you
demonstrate fluent speech in natural contexts and are between the ages of 18 and 30
years. Specific hearing qualifications must be met to continue participation. The study
will be conducted in room 111 of the John Taylor Building on the Brigham Young
University campus. Participation requires one 1-2 hour session which will include a
hearing screening and a question/answer session, lasting approximately 20 minutes. The
second part will be for the actual data collection, lasting between 45 minutes and 90
minutes. These times are estimates and depend on equipment set-up.
You will be given a standard hearing test including examination of your ear canals with a
scope, your eardrum with a tympanometer, and your hearing ability with an audiometer.
Surface electrodes (dime –sized metal discs) will be used to record electrical activity of
the brain. These discs will be applied to the surface of the skin with electrode gel and are
easily removed with water. Blunt needles will be used to apply the gel but never used to
puncture the skin.
Electrical activity of your brain will be recorded, but no electrical impulses/shocks will
be delivered. This is similar to what is known as an “EEG” or brain wave test. These
procedures show actual measurements of normal, continuous, electrical activity in the
brain.
You will be asked to sit still and read sentences aloud from a computer screen. You will
not be required to do anything physical other than speak. Your own voice will be heard
through ear phones at a delay. This may be annoying but will not cause lasting
detrimental effects.
Participation
Participation in this study is voluntary, and you have a right to refuse to participate or
withdraw at any time, without penalty. You may ask for a break at any time during
testing. Upon completion, you will receive a Little Caesar’s gift certificate for
participation. If you choose to withdraw, you will still receive a Little Caesar’s gift
certificate.
Risks
Some local skin irritation may result from the electrode discs. This will be treated by
removing the discs and exposing the area to air, resulting in alleviation of the irritation.
Another possible, but unlikely, discomfort would be if the scalp received an abrasion
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from the blunt needle. The electrodes would be removed immediately, as well as any gel
on the injured site. If this occurred, you have the option to discontinue participation. This
procedure has no other known risks.
Benefits
The assessment of your hearing is a possible benefit from participation. You will be
notified of any irregularities in your ears (structures) and/or hearing found during the
hearing tests. If irregularities are discovered, you may be advised to have a professional
examine your ears/hearing or of possible treatments (if any). These procedures will
benefit you by providing (possible) early treatment. You also understand there may be no
direct benefit to yourself. However, information obtained will help researchers further
understand brain activity relating to speech, especially when anticipating disruption.
Confidentiality
All information obtained from testing is confidential and protected under the privacy
laws. No personal information will be included in reporting of test results. All identifying
references will be replaced by control numbers to identify any disclosed or published
data, which may be released without your signature. Data collected in this study will be
stored in a secured area accessible only to personnel associated with the study. Data will
be kept indefinitely for future studies with your permission.
Other Considerations
There are no charges incurred for participation in this study. There is no treatment or
intervention involved, although you may be counseled to seek such treatment or
intervention.
If you have additional questions, contact Dr. David L. McPherson, Communication
Disorders, 129 TLRB, Provo, Utah 84602-8633; email: david_mcpherson@byu.edu;
phone: 801-422-6458.
Questions About Your Rights:
Questions as to your rights as a participant in this study should be directed to Renea
Beckstrand, Chair of Institutional Review Board, email: renea_beckstrand@byu.edu;
phone: 801-422-3873.
You consent to participate in the above explained study.
Signature of Participant / Date
____________________________________________________________

Yes, I will allow my data collected from this study to be used for future research
studies.
No, I will not allow my data collected from this study to be used for future
research studies.
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Appendix B
Stimulus Sentences
1. His plan meant taking a big risk
2. The doctor prescribed the drug.
3. Hold the baby on your lap.
4. The dog chewed on a bone.
5. The cow gave birth to a calf.
6. For dessert, he had apple pie.
7. The rude remark made her blush.
8. We heard the ticking of the clock.
9. Mary wore her hair in braids.
10. The baby slept in his crib.
11. Bob stood with his hands on his hips.
12. The door was opened just a crack.
13. The sand was heaped in a pile.
14. Follow this road around the bend.
15. The farmer baled his hay.
16. Kill the bugs with this spray.
17. My T.V. has a twelve-inch screen.
18. The girl swept the floor with a broom.
19. The nurse gave him first aid.
20. Watermelons have lots of seeds.
21. The teacher sat on a sharp tack.
22. The boy gave the football a kick.
23. Mr. Brown carved the roast beef.
24. The glass had a chip on the rim.
25. The soup was served in a bowl.
26. Please wipe your feet on the mat.
27. He hit me with a clenched fist.
28. A bicycle has two wheels.
29. Raise the flag up the pole.
30. We saw a flock of wild geese.
31. How did your car get that dent?
32. She made the bed with clean sheets.
33. I’ve got a cold and a sore throat.
34. The bread was made from whole wheat.
35. Spread some butter on your bread.
36. The cabin was made of logs.
37. The sandal has a broken strap.
38. He’s employed by a large firm.
39. Her entry should win first prize.
40. The mouse was caught in the trap.
41. He wiped the sink with a sponge.
42. The boat sailed along the coast.
43. The heavy rains caused a flood.

38
44. Bob wore a watch on his wrist.
45. Ann works in the bank as a clerk.
46. The landlord raised the rent.
47. The sleepy child took a nap.
48. Drop the coin through the slot.
49. Football is a dangerous sport.
50. Paul took a bath in the tub.
51. The dog gave a warning growl
52. I cut my finger with a knife.
53. They’ve considered the plan.
54. At breakfast, he drank juice.
55. The dealer shuffled the cards.
56. Airmail requires a special stamp.
57. Jane was interested in the boy.
58. The boat sailed across the bay.
59. Cut the wood across the grain.
60. I ate a piece of chocolate fudge.
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Appendix C
Sample Paragraph
The Great Chief in Washington sends word that he wishes to buy our land. . . . How can
you buy or sell the sky – the warmth of the land? The idea is strange. We do not own the
freshness of the air or the sparkle of the water. How can you buy them from us? We will
decide in our time. Every part of this earth is sacred to my people. Every shining pine
needle, every sandy shore, every mist in the dark woods, every clearing, and every
humming insect is holy in the memory and experience of my people . . . For all things
share the same breath – the beasts, the trees, the man . . . All things are connected.
Whatever befalls the earth befalls the sons of the earth (Excerpts from a letter to U.S.
President Franklin Pierce in 1855 sent by Chief Seattle, Duwamish Confederacy of tribes,
Washington Territories (Riley, 1994)).

